Three indigenous Mozambican cattle breeds, namely the Angone, Landim and Bovino de Tete were characterized using six proteins, 13 autosomal microsatellite loci and one Y-specific microsatellite locus (INRA124). The Mashona breed from Zimbabwe was also studied to elucidate the origin of the Bovino de Tete cattle. Expected mean heterozygosity ranged from 0.46 -0.50 in the proteins and from 0.66 -0.69 in the microsatellites. Population genetic variability was relatively high when compared to other African breeds. Only 4.5% of the total genetic variation could be attributed to the differences among the breeds. D A genetic distances and principal component analysis suggest that Mozambican breeds occupy an intermediate position between Indian Zebu and African taurine cattle. The genetic contribution from Indian Zebu, estimated by mR and average percentage of Zebu diagnostic alleles, was highest in the Angone breed and lowest in the Landim breed. The indicine Y-specific allele was fixed in the Angone breed (classified as Zebu), was found in 62% of the Bovino de Tete breed and was absent in the Landim breed (classified as Sanga). The hybrid nature of these breeds was also revealed by using an admixture model to infer population structure. Cluster analysis correctly assigned individuals to their rightful populations with probabilities ranging from 0.96 to 0.98, using prior population information. The results support the hypothesis of the Bovino de Tete cattle being a result of crossbreeding between Sanga and Zebu breeds. This study presents the first extensive information on the genetic diversity and relationships among Mozambican cattle breeds and with other breeds from different continents.
Introduction
Almost 70% of the Mozambican human population is dependent on agriculture as a source of income and domesticated cattle are tightly interwoven in the cultural and economic structure of African life. The classification of African cattle breeds has been complicated by historical crossbreeding that has taken place on a large scale between the original domesticated Taurine cattle of Africa and invading herds of Zebu cattle from Asia (Epstein, 1971; Marshall, 2000) . Hybridization between the two subspecies occurred in varying degrees over most of Africa and nowadays the continent represents a biological mosaic of the two morphologies. Mozambican cattle breeds are an example of this process. Three indigenous breeds exist in this country: Angone, Landim and Bovino de Tete. Based on their morphology, the Angone is classified as a Zebu type, while the Landim is classified as a Sanga breed (Epstein, 1971 ). The Bovino de Tete has been generally considered a Sanga breed but its origin is unclear. Some authors consider that this breed was derived from crossbreeding between the Landim and the Angone breeds (Rege & Tawah, 1999) whilst others suggest that it was derived from the Mashona breed (Sanga type), which inhabits the border of Zimbabwe with Mozambique (Morgado, 2000) . Bovino de Tete cattle are found in low numbers within a narrow stretch of Mozambique along the western border up to the southwest in the Tete Province (Alberro, 1983; Morgado, 2004) .
Mozambican cattle breeds are managed through traditional husbandry and have multipurpose uses (Rocha et al., 1991; Regé & Tawah, 1999; Morgado, 2000) . Contrary to the highly selected commercial domestic cattle, the Mozambican breeds have been bred since their origin under extensive conditions, with low levels of artificial selection. As a consequence, these breeds have become adapted to local environmental conditions and are resistant to a number of endemic subtropical diseases (Van Rensburg, 1953; Dionisio & Syrstad, 1990; Scholtz et al., 1991; Carvalheira et al., 1995; Hanks & Pereira, 1998) . However, extensive crossbreeding, replacement with exotic breeds, and social and environmental disasters have placed these indigenous bovines at risk of extinction. The re-introduction of cattle has been taking place in Mozambique on a large scale, after the huge loss of the national herd during the years of civil war between 1975 and 1994 (Hanks & Pereira, 1998) .
There is little information on the genetic diversity of these populations or on the extent to which their descendent gene pools have been perturbed by introgression and migration. Therefore, the evaluation of the population genetic structure of Mozambican cattle is of major interest to obtain the necessary elements for supporting breed conservation and the improvement of breeding programmes. The objectives of this study were: i) to assess the genetic diversity of Mozambican cattle breeds; ii) to evaluate the levels of crossbreeding and introgression by Zebu cattle, iii) to determine the genetic relationships among Mozambican breeds and in comparison with other European, African and Asian cattle breeds and iv) to elucidate the origin of Bovino de Tete cattle.
The resultant information should provide a basis for future conservation and management of the Mozambican cattle breeds.
Materials and Methods
Blood samples from 166 presumably unrelated individuals of Mozambican cattle breeds, Angone, Landim and Bovino de Tete, were collected from several representative herds and breeding stations, located in the regions of Angonia, Maputo and localities surrounding Tete city, respectively. Additionally, 40 samples from the Mashona breed were collected in Zimbabwe near the Mozambique border.
The samples were separated into red blood cells and serum. Six polymorphic proteins were surveyed: albumin (ALB), transferrin (TF), carbonic anhydrase II (CAII), vitamin D binding protein (GC), haemoglobin B (HBB) and peptidase B (PEPB). The later enzyme was run on starch gels, whilst the other proteins were analysed by isoelectric focusing on acrylamide gels (Leal, 1998) . No samples for protein analysis were available for the Mashona population.
DNA was extracted from peripheral blood using Proteinase K digestion followed by extraction with standard Phenol-chloroform or high-salt procedures (Sambrook et al., 1995) . Thirteen dinucleotide microsatellites (INRA5, INRA35, INRA37, INRA23, HEL1, HEL5, HEL9, ILSTS5, ILSTS1, ETH225, ETH3, ETH152 and BM2113) were amplified by PCR. The selection of markers was based on the FAO panel (http://www.projects.roslin.ac.uk/). A Y-indicine/taurine diagnostic microsatellite marker (INRA124) (Vaiman et al., 1994) was also amplified in 13 males of each Mozambican breed and 20 of the Mashona breed. For all microsatellites, approximately 50 ng of genomic DNA was included with 200 µM dNTP, 1.5 µM MgCl 2 , 0.5 U Taq polymerase, 5 pmol of each primer and 1x reaction buffer (10 mM Tris-HCl pH 8.3) in a 25 µL reaction volume. For each reaction, an initial 4 min denaturation at 94 °C, was followed by 35 cycles of 30 s at 94 °C, 30 s at 54 -60 °C, 45 s at 72 °C and a final extension step at 72 °C for 5 min. Products were checked in 2% agarose gel in TBE buffer. PCR products were separated by electrophoresis in 8% denaturing polyacrylamide gels, followed by silver staining (Bassam et al., 1991) . Allele identification and counting were made directly from the gels. To avoid misidentification of alleles, eight reference samples with known genotypes were used in the gels. These samples were provided by D. MacHugh (College of Life Sciences, University College Dublin, Ireland) and were previously reported in MacHugh et al. (1997) .
Allele frequencies were determined by direct allele counting. Genetic variability for the microsatellite and protein loci was measured by estimating observed (Ho) and unbiased expected (He) heterozygosities (Nei, 1978) as well as the mean number of alleles per locus (MNA) and the number of private alleles (Na, alleles found in only one breed) with the GENEPOP program v. 3.1 (Raymond & Rousset, 1995) . Deviations from Hardy-Weinberg equilibrium (HWE) for each locus, in each population, were investigated using an exact test based on Markov chain iteration as implemented in GENEPOP v. 3.1 (Raymond & Rousset, 1995) . Critical significance levels for multiple testing were corrected following the sequential Bonferroni procedure (Rice, 1989 (Wright, 1951; Weir & Cockerham, 1984) and associated significance levels were calculated for allozymes and microsatellite data using the program FSTAT 2.9.3.1 (Goudet, 2002) . The significance of F, θ, f estimates was determined by permuting alleles within the total population, genotypes within the total population and alleles within samples, respectively, with 5000 permutations (Goudet, 2002) . The F ST values among pairs of breeds were also calculated and the indicative P-values were adjusted by a Bonferroni procedure (Rice, 1989) .
For the microsatellite markers, the programme STRUCTURE was used to identify the K clusters of the genetic origin among individuals and to verify correct assignment of individuals to their rightful breeds (Pritchard et al., 2000; Falush et al., 2003) . The programme implements a Bayesian Markov Chain Monte Carlo (MCMC) approach that uses the model-based clustering method for inferring population structure using multilocus genotypes. The admixture model was used in cluster analysis and the model with prior population information in assignment verification. Posterior probability values for K (log likelihood; lnL) were estimated assigning priors from K = 2 to K = 4, the latter corresponding to the number of breeds included in the analysis, at 100 000 MCMC repetitions and a 100 000 sample burn-in period. For each value of K, five independent replicates of MCMC were conducted in order to verify the consistency of the estimates across runs. We chose the value of K = 2, which showed the highest lnL value.
The estimator mR was used to analyse the Zebu introgression in the Mozambican and Mashona populations with the programme ADMIX 1.0 (Bertorelle & Excoffier, 1998) . This coefficient was chosen since it presented a lower variance compared to the other two estimators (mY, mC) provided by the programme. Three Zebu cattle breeds from the Indian subcontinent were considered as the putative Asian B. indicus parental population (Hariana, Sahiwal, Tharparker) . The N'Dama cattle from central and western Africa were considered as the putative B. taurus source population. Allele frequencies of the presumed populations were taken from MacHugh et al. (1997) . Only seven microsatellites were found in common between this work and ours (HEL1, ILSTS5, HEL5, ETH225, ETH152, BM2113 and ILSTS1) . However, these microsatellites demonstrated to be powerful tools for breed differentiation (MacHugh et al., 1997; Jordana et al., 2003; Egito et al., 2007) and, therefore, should allow a reliable estimate of the Zebu introgression in the Mozambican and Mashona breeds. Additionally, the average percentage of Zebu diagnostic alleles per locus was calculated in each breed. These alleles were present in six microsatellites (INRA5, HEL1, ILSTS5, ETH225, ETH152, ILSTS1) in agreement with the data obtained by MacHugh et al. (1997) and Cymbron et al. (2005) . Thirteen diagnostic alleles of Zebu ancestry were defined in these six microsatellites by their presence at a high frequency in Asian Zebu populations and their absence in the N'Dama and European breeds.
The D A genetic distance (Nei et al., 1983) was computed separately for microsatellite data (12 loci), proteins (5 loci) and for a combined data set including all 17 loci using the DISPAN computer package (Ota, 1993) . In addition, data from the Mashona breed and from published literature were used to investigate the genetic relationships between the Mozambican populations and other breeds from Africa, Europe and Asia using allele frequencies from seven commonly employed microsatellite loci (ETH225, ETH152, HEL1, HEL5, ILSTS1, BM2113 and ILSTS5) (MacHugh et al., 1997) . A Neighbor-joining (NJ) tree (Saitou & Nei, 1987) based on D A distances was constructed using the algorithm implemented in the PHYLIP package (Felsenstein, 2004) and the reliability of each node was estimated by bootstrapping (after 1000 replicates) over loci. Genetic relationships within Mozambican cattle and other breeds were also explored by principal components analysis (PCA) using the STATISTICA programme (StatSoft, 1995) .
Results
A summary of the amount of genetic variation found within and between population samples at allozymes and microsatellite loci is presented in Table 1 . As expected, much greater allelic variation was detected at the microsatellite loci in comparison to the allozymes. A total of 120 alleles were found across six protein markers (20 alleles) and 13 microsatellite markers (100 alleles). In these breeds, an intermediate pattern of allele size distribution between African taurine and Zebu breeds was observed, all presenting alleles from the two source populations. The mean number of alleles (MNA) per locus for protein data was 3 in all breeds and for microsatellite loci varied between 5.9 and 6.4. Mean Ho and He values at protein loci were similar for Mozambican breeds -Ho values ranged from 0.469 to 0.475 and He from 0.458 to 0.472. At microsatellites, the Ho ranged from 0.587 to 0.631 and He from 0.643 to 0.688. Several private alleles were found. However, with the exception of allele 91bp at the ILSTS1 locus in the Landim breed (10%), all the other private alleles had frequencies of lower than 2%. The Angone breed showed the highest number of private alleles (n = 8).
All populations were in Hardy-Weinberg equilibrium, after sequential Bonferroni correction, except for the Angone (P = 0.004, α = 0.05, k = 13) and the Mashona (P = 0.004, α = 0.05, k = 12) for locus HEL5 and the Landim (P = 0.004, α = 0.05, k = 13) for locus ILSTS1 that showed a deficiency of heterozygotes.
Results of F-statistics for each of the 19 loci analysed in the studied breeds are shown in Table 2 . For microsatellite markers, we observed on average a deficit of heterozygotes (f) of 10.5% (P <0.001) for each one of the analysed breeds and 14.6% (P <0.001) in the whole population. Eight of these loci contributed significantly to the deficit of heterozygotes within populations (F IS ), while all microsatellites, except INRA23 and ETH225, affected significantly the global heterozygote deficit (F IT ). For protein data, only HBB contributed significantly (P <0.05) to the observed deficit. Levels of differentiation per locus (θ) were relatively low and ranged from 0.007 to 0.131 in microsatellite loci and from 0.004 to 0.094 in protein loci. Given all loci, approximately 4.5% of the total genetic variation could be explained by differences between breeds, and the remaining 95.5% to differences among individuals. When the Mashona breed was included in the analysis, values of f, θ and F were similar to corresponding values observed in Mozambican cattle only (Table 2) .
Significant pairwise differentiation (F ST ) occurred between the Mozambican breeds after Bonferroni corrections (P <0.01) (Table 3) . However, when comparing these breeds with Mashona breed only the pair Mashona/Landim presented significant genetic differentiation (P <0.01).
Bayesian analysis using STRUCTURE (Pritchard et al., 2000) showed that the samples had the highest probability of representing two clusters (K = 2). Based on an assignment of individuals without previous population information, K = 2 gave a split of the Angone/Bovino de Tete breeds to one cluster and Landim/Mashona to the other cluster. This pattern corresponds effectively to a zebu (Angone and Bovino de Tete) and a taurine cluster (Landim and Mashona) (Figure 1 ). Estimated membership probabilities of the Angone and Bovino de Tete breeds to cluster 1 were 0.674 and 0.679, respectively. On the other hand, the Landim and Mashona breeds showed estimated membership probabilities to cluster 2 of 0.603 and 0.691, respectively. With the aid of prior population information, the majority of individuals were assigned to their rightful populations with posterior probabilities from 0.960 to 0.978 (Table 4) . (Table 5) . On the other hand, the lowest contribution of Indian Zebu genes was exhibited in the Landim breed. In accordance with the data obtained with the estimator mR, the Mashona breed showed a lower contribution of Indian Zebu genes than the Mozambican breeds. The analysis of the microsatellite INRA124 located on the Y-chromosome revealed that the indicine specific allele was fixed in the Angone, it was found in 62% of the Bovino de Tete cattle, and was absent in the Landim and Mashona breeds (Table 5) . Both genetic distance matrixes (D A ) obtained from the five allozymes and 12 microsatellite loci showed a low differentiation between breeds (Table 6 ). The smallest genetic distance was found between the Landim and Mashona breeds and the largest value between the Landim and Angone breeds. 
Discussion
Patterns of genetic variants assayed from paternally and biparentally inherited genetic systems revealed that extensive hybridization between the two existent bovine subspecies is part of the ancestry of Mozambican cattle breeds. This is evident from the distribution of group specific alleles of Indian Zebu and African Taurine origin in these breeds.
The average number of alleles and levels of gene diversity were similar for all breeds, suggesting that there are no appreciable differences in the level of genetic variability among Mozambican breeds. The amount of genetic diversity in these breeds was comparable to or higher than those reported for other breeds (MacHugh et al., 1997; Loftus et al., 1999; Cañon et al., 2001; Hanotte et al., 2002; Freeman et al., 2004; Ibeagha-Awemu & Erhardt, 2005; Freeman et al., 2006; Ulloa-Arvizu et al., 2008) . These high diversity indices can be explained by the presence of genes from two genetically differentiated groups namely Taurine and Zebu. However, it could also be due to extensive gene flow among them and with imported breeds from neighbouring countries, especially after the substantial loss of effective population size during the years of civil war. The discrepancy obtained between mitochondrial DNA and nuclear markers in previous works suggests a Zebu male-biased introgression in Africa (Bradley et al., 1996; MacHugh et al., 1997; Hanotte et al., 2000) . The results obtained in this study of Mozambican breeds, with both autosomal markers and the Y-chromosome microsatellite, are congruent with this scenario. The highest percentage of Zebu introgression was observed in the Angone breed, which is in agreement with morphological data and with the observed higher level of diversity. Due to its location, the Angone was more exposed to crossbreeding with the Zebu than the other breeds analysed. On the other hand, the Landim breed apparently includes few zebu alleles, while Bovino de Tete exhibit intermediate values. Moreover, the results obtained with the Mashona breed are in conformity with the conventional idea that the Sanga breeds from southern Africa were exposed to a lower Zebu introgression than the Sanga cattle from northeast Africa, which could have allowed the maintenance of the typical genetic structure of the Sanga cattle breeds (Hanotte et al., 2002; Freeman et al., 2006) .
The hybrid nature of these breeds is also expressed by the absence of real distinct clusters corresponding to predefined breeds as shown by the model-based clustering method of Pritchard et al. (2000) . cluster 1 and Landim and Mashona breeds to cluster 2, highlight that these clusters most likely correspond to the two bovine lineages, Zebu (cluster 1) and Taurine (cluster 2). The F ST and the D A genetic distance values suggested a low genetic differentiation among the three Mozambican breeds. This result seems to be a consequence of management practices that promote some gene flow and breed substructure. The absence of herd books and the presence of indiscriminate crossbreeding encouraged a high level of gene flow between the breeds, thus promoting a low level of differentiation. However, a significant differentiation (P <0.01) between the Mozambican breeds is still perceptible. Moreover, the model-based clustering analysis of the breeds with prior population information (Pritchard et al., 2000) assigned individuals to their rightful populations, indicating that the Mozambican breeds still conserve some of their genetic identity.
The NJ tree representing breeds from three continents placed the Bovino de Tete breed in an intermediate position between the Angone and Landim, while the Mashona breed was placed nearest to African taurine breeds than the other Sanga cattle analysed. However, using phylogenetic methods it is very difficult to separate the effect of admixture or introgression from that of common ancestry (Slatkin & Maddison, 1990) . Multivariate analysis of microsatellite allele frequencies has been a powerful tool to reveal the underlying evolutionary history and admixture among distantly related Taurine and Zebu populations from Europe, Asia and Africa (MacHugh et al., 1997; Freeman et al., 2006) . Figure 3 illustrates a PCA where factors 1 and 2 are presented. This analysis clearly reveals a cline of Zebu introgression. The Mozambican cattle, the Mashona breed and the other African Sanga breeds form a gradient between the Zebu and the African Taurine breeds. The Angone breed was undoubtedly more influenced by Zebu genes than other breeds analysed in this study, but this breed seems to be less influenced than other breeds from Northeast Africa. On the other hand, Landim and Mashona cattle had a lower influence from Zebu genes than other Sanga breeds that are situated in the north of the continent, which is in agreement with a widespread movement of Zebu cattle from east to south (MacHugh et al., 1997; Hanotte et al., 2002; Freeman et al., 2006) .
Relative to the origins of the Bovino de Tete, the data reported here support the hypothesis of a crossbreeding between Zebu and Sanga breeds, as suggested by Regé & Tawah (1999) . The Bovino de Tete breed had a higher percentage of Zebu genes than the Sanga breeds analysed, which points towards a Angone derivation. However, the results do not show whether Bovino de Tete was derived from crossbreeding between Angone and Landim or between Angone and Mashona. The later hypothesis seems more reasonable given the geographic proximity between the parental breeds.
This work is the first extensive study about the genetic structure of Mozambican cattle breeds. Although the genetic diversity of these breeds seems to have been affected by gene flow and, therefore, little differentiation exists among them, it appears that they retain some of their genetic identity. These breeds are an important economic resource for Mozambican people and their high variability makes them suitable candidates for conservation and improvement. Controlling gene flow between breeds, by adopting effective breeding and management practices, will facilitate the conservation of historical breeds and preserve special characteristics of each breed.
